Abstract The self-association characteristics of very short and well-defined poly(butyl acrylate)-b-poly(acrylic acid) (PBA-b-PAA) block copolymers in water have been studied. The diblocks are asymmetric with the PBA block longer than the PAA block, giving rise to hollow sphere morphology. This is affirmed by experimental data and theoretical evaluations of the hydrophilic and hydrophobic domain sizes, as well as a value close to 1 for the ratio of the hydrodynamic to the gyration radius of the micelles. Besides, the untypically short PBA blocks (polymerization number around 15) render the micelles dynamic. Indications in support include among others the following: the CMC (critical micellar concentration) values depend, together with the aggregation numbers and the micellar sizes, on the block lengths, as predicted by theory; above the CMC their sizes are concentrationindependent, while the micelles disappear below CMC. A comparison was also made with a random PBA-co -PAA copolymer of similar length, which self-associates at an apparent CMC 1 order of magnitude larger than those of the block copolymers, but the size of the formed micelles depends on the concentration.
Introduction
Well-defined amphiphilic copolymers exhibit a wide range of potential applications, including colloidal stabilization and destabilization, friction reduction, viscosity and wetting modification, as well as applications in pharmaceutics and biomedicines like drug delivery and gene therapy [1] [2] [3] . The hydrophobicity, glass transition temperature, charges, number and distribution of the constituting monomer units along the copolymer chain (block/gradient/ random) are all crucial for the self-organization and surface activity of the copolymer, thus affecting their application behavior. While the properties of a random copolymer are expected to be an average of the properties of its constituting units, those of a block-copolymer are substantially different [4] . For diblock copolymers, a variety of self-assembled structures has been observed, with spherical micelles being the most typical [2] . When the block copolymer is asymmetric in favor of its solvophobic block, the so-called "crew-cut micelles" are obtained, with one of the possible morphologies, hollow spheres (vesicles) [2, [5] [6] [7] [8] [9] [10] .
Recently, an issue receiving particular attention in the literature is dynamics of block copolymer self-assemblies in aqueous solutions, which can be critical for applications such as drug release and latex stabilization [3, 9, 11] . Contrary to the initial expectations coming from the behavior of conventional surfactants, the aggregates formed by diblock copolymers are often "frozen", i.e., out of equilibrium structures. This was proven to be the case not only for block copolymers with glassy hydrophobic blocks, like polystyrene (PS) (physically frozen) [11, 12] , but also for those with rubbery blocks, like poly(n -butyl acrylate) (PBA) (kinetically frozen) [11, [13] [14] [15] [16] [17] [18] [19] . Whether a system is dynamic or frozen is essentially governed by the height of the energy barrier (E a ) for extracting a unimer from the core of a micelle, which scales with [20] E a ∝n 2/3 γ, where n is the polymerization number of the solvophobic block and γ is its interfacial tension with the solvent [15] [16] [17] . Strategies that have been pursued to reduce E a are incorporation of hydrophilic units (e.g., acrylic acid (AA) [12, 18, 19, 21] ) in the hydrophobic block, or replacement with a less hydrophobic [16, 17] or thermosensitive [22] polymer.
In the case of poly(butyl acrylate)-b-poly(acrylic acid) (PBA-b-PAA) block copolymers, comprehensive discussion can be found in the literature about their micellization dynamics and surface activity in aqueous solutions [13] [14] [15] [16] [17] [18] [19] 21] . The general conclusion is that the micelles formed by PBA-b-PAA in aqueous solution are kinetically frozen. For example, Jacquin et al. [15] systematically investigated the properties of various PBA-b-PAA block copolymers with the polymerization number of the PBA and PAA blocks in the range of 20-55 and 50-500, respectively, and concluded that in all the cases, their aqueous dispersions are kinetically frozen. Nevertheless, since in principle a shorter hydrophobic PBA block would favor the mobility of the unimers within the aggregates [16] , a question arises naturally whether the aggregates become dynamic if we further shorten the PBA block to have the polymerization number of the PBA block smaller than 20. It should be mentioned that such a question is also of direct practical relevance. Recently, we have applied short PBA-b-PAA copolymers as surfactants to stabilize polymer particles [3] , and found their superior performance with respect to conventional ionic surfactants. Thus, further insight into their self-assembly behavior would help us to better control their performance.
Answering the above question becomes one of the objectives in this work. To this aim, we have prepared well-defined PBA-b-PAA block copolymers with the polymerization number of the hydrophobic PBA block being around 15. Moreover, the hydrophilic PAA blocks were designed even shorter, less than 10 AA units, leading to asymmetric diblock copolymers. It will be seen that with these asymmetric diblock copolymers, the micelles exhibit the morphology of hollow, instead of homogeneous, spheres. In addition, a random PBAco-PAA copolymer of a similar size has been designed as well, and the properties of its aqueous solutions have been also studied and compared with those of the diblock copolymers.
Experimental
The PBA-b/co-PAA surfactants To synthesize well-defined polymeric PBA-b/co-PAA surfactants, we applied the Atom Transfer Radical Polymerization (ATRP) technique, based on a procedure reported by Colombani et al. [13] , but modified in order to yield the desired molecular weights and monomer sequences (block or random copolymers). In short, ATRP of n-butyl acrylate for the case of a block-copolymer, together with t -butyl acrylate (tBA) for a random copolymer, was initiated by methyl α-chloropropionate employing Cu(I)Br and 1,1,4,7, 10,10-hexa-methyl-triethylene-tetramine (HMTETA) as catalyst in 25 % ethyl acetate solution at 70°C, or in acetone at 60°C for a random copolymer. The obtained PnBA chains were reinitiated in 25 % acetone solution at 60°C to grow a PtBA block. The resulting block or random copolymers (PnBA-b/co -PtBA) were treated with trifluoroacetic acid (TFA) in dichloromethane in order to deprotect the t-butyl groups towards AA units. After each ATRP step the respective intermediate product was purified by flash chromatography through a silica column and was characterized by 1 H NMR, GPC and elemental analysis. The final products were characterized by 1 H NMR, while the residual copper amount was determined by atomic absorption spectroscopy (AAS).
We have attempted to keep the number of BA units approximately the same, around 15, and to vary the number of AA units so as to achieve AA molar fractions between 25 % and 50 %. In reality, we obtained two asymmetric PBA-b-PAA block copolymers with the numbers of BA and AA units equal to 15 and 5, and 13 and 9, referred to as B and B , respectively. Thus, the AA molar fractions are 25 % and 41 %, respectively, for B 15 -5 and B 13 -9 , which are significantly asymmetric. The obtained random PBA-co-PAA copolymer is composed of 13 BA and 14 AA units, referred to as R [13] [14] . It should be noted that the PBA-co -PAA copolymer is a statistical copolymer, owing to the same reactivity of n-BA and t-BA [18] . The molecular characteristics of the synthesized copolymers are summarized in Table 1 , while more details regarding the synthesis and molecular characterization are available in the Supplementary material (SM).
The copolymers were dissolved in doubly deionized water with the solution pH adjusted to 7 by NaOH, followed by filtration through a 200-nm PVDF filter. The obtained surfactant stock solutions were used to prepare solutions or dispersions for subsequent measurements.
CMC of the surfactants
The CMC (critical micellar concentration) of the synthesized polymeric surfactants was determined via the regular surface tension method, where the surface tension of the surfactant solution was measured as a function of the surfactant concentrations with a Wilhelmy plate tensiometer (DCAT21, dataphysics). All the solutions were prepared at least 24 h before the measurements.
Static and dynamic light scattering
The static light scattering (SLS), based on the Zimm plot, was applied to evaluate the size and aggregation number of micelles. To this aim, the required refractive index increment dn/ dC of each copolymer was determined via a chromatographic RI method [23] . The RI signal of polymer solutions at various concentrations, C , was monitored using a Hitachi L-7000 HPLC system, equipped with autosampler, isocratic pump and RI detector, operated at 25°C with H 2 O as mobile phase. For each polymer solution a blank solution of identical solvent composition was used as reference, while NaCl solutions were used for calibrating the detector. The obtained dn /dC values for the three copolymers are listed in Table 1 .
All light scattering measurements were performed at 25°C in cylindrical quartz cuvettes, illuminated by a λ =532 nm laser beam emitted from a solid-state laser (Ventus LP532 Laser Quantum), while the detection angle θ was controlled by a BI-200SM goniometer (Brookhaven Instruments). The corresponding magnitude of the scattering vector is defined as q = 4πn/λ sin(θ/2), where n is the refractive index of the medium.
SLS was performed at scattering angles ranging from 20°t o 150°. Each measurement range was usually repeated three times. From the reduced Raleigh expression, the radius of gyration R g and the weight-average molecular mass, M w , of the scattering micelles have been determined through the following Zimm plot, where the intercept of the straight line when both C →0 and θ →0 yields M w and the slope when C →0 yields R g :
where A 2 is the second Virial coefficient, R θ is the excess Rayleigh ratio, which is expressed using that of toluene:
where I, I sol and I T are the scattered intensities of the sample, solvent and toluene, respectively, while n T and R T are the refractive index and Rayleigh ratio of toluene, equal to 1.496 and 2.1×10
, respectively [24] . The quantity, K in Eq. 1, is an optical constant defined as:
where N A is the Avogadro number.
For further elucidation of the micelle size, polarized (VV) dynamic light scattering (DLS) was performed at 90°. The possibility of anisotropy was examined by depolarized (VH) DLS at scattering angles between 60°and 145°. The intensity autocorrelation functions C (τ ) were generated by a BI-9000AT digital correlator and processed by the corresponding Brookhaven Instruments software. Thus, by applying the typical cumulant fitting on the obtained distribution of decay rates, Γ, one can determine the average hydrodynamic radius, R h .
Cryo-TEM imaging was performed following an experimental protocol described elsewhere [25] .
Results and discussion
Surface activity and CMC All synthesized amphiphilic copolymers are readily dispersible in water at pH 7.0 and surface-active, inducing a reduction in the surface tension of the air-water interface, as shown in Fig. 1 . The change in the slope of the surface tension curve in Fig. 1 occurs when the copolymer concentration reaches a certain value, which corresponds to the CMC and indicates the formation of self-assembled structures. The obtained CMC values are listed in Table 1 . It is seen that when the PBA length decreases from 15 to 13 and the PAA length increases from 5 to 9, the CMC of B increases by 20 % with respect to that of B . In fact, it is well established in the literature [8, 15, 17, 26, 27] that both shortening the solvophobic block and increasing the solvophilic block increase the CMC, if the solvophobic block is very short, i.e., below 30 units, a trend attributed to increasing solubility.
Let us now compare the measured CMC values of our block copolymers with the theoretical estimate from the literature. It is known that the CMC value of a block copolymer can be approximated by the solubility limit of its solvophobic block, provided that the interfacial tension γ between the solvophobic block and the solvent is high enough, so that the contribution of its solvophilic corona can be neglected. This is valid for PBA-b-PAA in water, for which γ PBA=H 2 O ¼ 2:0 Â 10 −6 J cm −2 and the CMC can be approximated by [15] 0.079 n t total polymerization number of BA+AA, x AA molar fraction of acrylic acid in copolymer, M n number average molecular weight by NMR, PDI polydispersity index by GPC CMC ≈
with
) is the molar mass of the PBA block, x BA/ AA is the mass ratio of BA over AA in the copolymer, υ 0 is the molecular volume of a single BA unit, which can be estimated from PBA density at T =298 K (ρ PBA = 1.10 g cm −3 at T =25°C [28] ), thus with a value of υ 0 =1.93×10 −22 cm
3
. With the polymerization number of the PBA block, n PBA (15 and 13) for B and B , the computed CMC values are 3.74×10 −5 and 8.08×10
−5 mol/l, respectively. These values are very comparable to the measured ones in Table 1 , not only in the orders of magnitude and trend, but -in the case of B 13-9 -also in the absolute value, thus supporting the reliability of the measured CMC values. The random copolymer, R [13] [14] , is essentially a polyelectrolyte. Such copolymers often form aggregates in water [4] , exhibiting an "apparent" CMC [12] . These are for instance the cases for the solutions of poly(styrene)-co-PAA, [29, 30] poly(dodecyl acrylate)-co-PAA alkali-soluble resins (ASR) [31] , and P(S-co-AA)-b-PAA copolymers with 50 % AA in the hydrophobic block [12] . This behavior can be attributed to the inter-and intra-molecular association of the hydrophobic units in the presence of water [32] . For our R [13] [14] , the CMC value is 7.75×10 −4 mol/l, which is well in the range of the CMC values reported for PS-co-PAA ASR [30] . The CMC value of R 13-14 is almost one order of magnitude larger than those of the two block copolymers, B 15-5 and B . This can be explained by the much stronger tendency of self-association of the PBA blocks with respect to the random ones [4] , which is also true with respect to the gradient ones [32] .
Dynamics of the self-assemblies
As mentioned in the introduction, systematic studies in the literature indicate that for the PBA-b-PAA block copolymers with the polymerization number of the PBA block, n PBA >20, their aqueous dispersions are kinetically frozen. The question to address now is whether the aqueous dispersions of our two block polymers, B 15-5 and B , with n PBA =15 and 13, respectively, are "frozen" or dynamic.
First of all, several observations have indirectly revealed that the solutions of both B 15-5 and B are dynamic, easy to reach their thermodynamic equilibrium. Specifically, the two block polymers can be easily dispersed from their dried state in alkaline water in the absence of a cosolvent, which is a good indication of dynamic nature [14, 26] . The CMC can be easily measured, and the measured CMC depends on the PBA block length and follows the trend given by Eq. 4, as demonstrated above, which both support the dynamics of the two systems [8, 17, 33] . In fact, for "frozen" systems, their CMC is often experimentally inaccessible [9, 10, 12] , down to a dilution in 10 −6 −10 −7 w/w [15, 34] . In those cases, the measured CMC would be kinetically dependent ("apparent CMC") [12, 13] . In addition, it is expected [17] that when the dimensionless parameter in Eq. 4, E a /k B T >16 (T =25°C), extracting a unimer from a micelle back to water becomes difficult, i.e., the system is kinetically frozen. For our B 15-5 and B , the E a /k B T values calculated from Eq. 5 are 12.0 and 10.9, respectively, much smaller than 16, thus supporting their dynamics. Second, it is well known [9, 13, 15, 35] that for spherical micelles, after their formation at the CMC, as a thermodynamic process, upon increase in the unimer concentration, the number of the micelles increases but the micelle size and structure remain unchanged. To verify if B follow the same behavior, we have prepared their solutions at different concentrations and characterized by the polarized (VV) DLS. Figure 2a and b shows the normalized autocorrelation functions for the solutions of B 15-5 and B . All the autocorrelation functions measured at the polymer concentrations above the CMC have completely overlapped, and all the values of the corresponding hydrodynamic radius, R h , are within 10.0±0.06 and 8.0±0.06 nm, respectively, for B and B . Thus, both the systems behave the same as the dynamic systems. In fact, it was observed [13] that, contrary to this behaviour, the micelles of considerably longer PBA-b-PAA block copolymers exhibit concentration-dependent sizes and very low apparent CMCs (~10 −8 mol/l).
Moreover, we have diluted the solutions of B 15-5 and B 13-9 from a concentration above the CMC to a concentration below the CMC, and measured right afterwards the normalized autocorrelation functions, which reduce to a relatively scattered baseline, as shown in Fig. 2a and b . This clearly indicates that no micelles can be detected by the DLS. Note that the dilutions for the polymer concentrations below the CMC for the DLS measurements were selected based on the surface tension curves in Fig. 1 , so as to avoid the intermediate transition regions but still with good scattering signal for the DLS measurements. This result is a further proof that aqueous dispersions of both B and B are dynamic, at their thermodynamic equilibrium.
Conversely, for the random copolymer, R 13-14 , the measured autocorrelation functions at different concentrations above the CMC shown in Fig. 2c exhibit a systematic shift to a smaller delay time as the polymer concentration decreases. Hence, the aggregate size decreases as the R 13-14 concentration decreases (actually with the R h value dropping from 39.2 nm to 24.9 nm along the investigated concentration range). Such behavior has also been observed for simple polyelectrolytes [4] , associative polyelectrolytes [36] , gradient copolymers [32] , and diblock copolymers with statistical hydrophobic block [12] . When the polymer concentration is reduced below a certain value, e.g., equal to 3.9×10 −5 mol/l in Fig. 2c , the aggregates disappear.
Therefore, the CMC assigned to the R 13-14 aggregates is not a thermodynamic quantity but rather should be termed "apparent CMC" [12, 32] .
Characterization of the micelles
In the following, we discuss the morphology only for the micelles formed by the two block polymers, B 15-5 and B . For the random polymer, R [13] [14] , since the size of the aggregates ("micelles") is concentration-dependent, it is difficult to reach some concrete conclusions about their morphology, and no discussion is supplied.
The morphology
The cryo-TEM pictures of the micelles formed by B 15-5 and B are shown in Fig. 3 . Due to the relatively small sizes of the objects, the resolution of the pictures is not excellent. However, two features of the micelles can still be observed: (1) the micelles of both B 15-5 and B are spherical, with a radius around 10 nm, which is consistent with the hydrodynamic radius obtained above; (2) in each micelle, there is a clear darker ring that surrounds a brighter core. The latter may indicate that the micelles formed by B 15-5 and B are hollow spheres (vesicles). Let us first verify the spherical geometry of the micelles. Toward this aim, we have performed depolarized (VH) DLS for the solutions of B 15-5 and B 13-9 at a concentration above the CMC. It turns out that, unlike the cases of the polarized (VV) DLS in Fig. 2 , no autocorrelation functions can be determined, and in fact, the intensity becomes negligible during the depolarized DLS measurements performed at different angles. Thus, no decay rates can be defined from the depolarized DLS measurements. This indicates that the micelles are optically isotropic [37] , confirming their spherical geometry.
To confirm the vesicle structure, we recall the measured hydrodynamic radii of the micelles, which are R h =10.0 and 8.0 nm, respectively, for B and B , as listed in Table 2 . Then, if the micelles are homogeneous spheres, the length of a unimer should be around 10.0 nm and 8.0 nm. Let us assume that both the PBA and PAA blocks in each unimer are in their fully stretched configuration. Considering the length of each monomer unit being 0.25 nm [13, 38] , we have the maximum length of 5 nm for a B 15-5 unimer and 5.5 nm for a B unimer, which both are much smaller than the corresponding R h value, thus confirming the vesicle structure of the micelles. This result is consistent with the literature observations that for ionic diblock micelles with the hydrophobic block longer than the hydrophilic one, morphologies like cylinders, vesicles and lamellae are favored [2, [5] [6] [7] [8] [9] [10] . Therefore, a schematic illustration of our vesicles is given in Fig. 4 , where the hydrophobic blocks of the two layers in the middle form the hydrophobic core, while the hydrophilic blocks of each layer form the inner and outer coronae.
The aggregation number
The classical SLS (Zimm plot) experiments, as described in section "Static and dynamic light scattering", have been carried out for the solutions of B and B 13-9 at concentrations above the CMC. The results are shown in Fig. 5 , from which the molar mass and radius of gyration, M w,m and R g , of the micelles can be determined, which are collected in Table 2 . Then, the corresponding aggregation number, N agg,m , can be computed from the molecular weight of a unimer, M w [36] :
With the values of the parameters in Tables 1 and 2 , the obtained values of N agg,m are 134 and 55, respectively, for the micelles of B 15-5 and B . The N agg,m value of B 15-5 is more than twice that of B . This agrees with the general trend that N agg,m decreases as the hydrophobic block length decreases [8, 10, 26, 33, 39] and as the hydrophilic block length increases [10, 14, 39] . The latter dependence is strong for crewcut micelles [40] or generally when the hydrophobic block is short enough [27, 33] .
The R g value of the micelles estimated from the Zimm plot is rather comparable to the corresponding R h value, with a R g / R h value very close to 1 in Table 2 . This further confirms the hollow sphere morphology of the micelles [10, [41] [42] [43] . Note that for B the R g /R h value is significantly larger than 1. This is presumably due to polydispersity, which is known to increase R g /R h [39, 41, 43] . 
Thickness of each layer in the vesicle
The pH value of all our experiments is 7.0, at which the dissociation degree of the PAA chains should be high, 85-90 % [13] . Then, in the absence of additional electrolytes, the PAA chains can be considered to be fully stretched [33, 38, 44] . Thus, the thickness of the inner and outer coronae, δ c , can be estimated to be 0.25×n PAA , where n PAA is the polymerization number of the PAA block, leading to δ c = 1.25 and 2.25 nm, respectively, for the coronae of B 15-5 and B .
To evaluate the thickness of the PBA core, δ PBA , we assume that the density of the PBA core equals that of bulk PBA (ρ PBA =1.10 g cm −3 at T =25°C [28] ). With ρ PBA and the aggregation number, N agg,m , we can compute the volume of the PBA core, V PBA = 388.4 and 138 nm 3 , respectively, for the case of B 15-5 and B . On the other hand, we can consider that the outer radius of the PBA core equals the hydrodynamic radius of the micelles minus the thickness of the outer PAA corona, i.e., R PBA,o = R h −δ c = 8.75 and 5.75 nm, for B 15-5 and B . Therefore, from
we obtain δ PBA = 0. 42 , which, though somewhat larger, are rather comparable to our above estimates. Of course, if one assumes full overlapping between the two PBA layers, the agreement should be considered to be excellent.
Concluding remarks
Two short block copolymers, PBA-b-PAA (poly-butyl acrylate-b-poly-acrylic acid), have been synthesized with the polymerization numbers of the PBA and PAA blocks, 15 and 5, and 13 and 9, thus, referred to as B and B , respectively. Their self-association dynamics and morphology in water have been studied by combining SLS (Zimm plot), polarized and depolarized DLS, and cryo-TEM experiments. Their behaviors have been compared with those of a random PBA-co-PAA copolymer composed of 13 BA and 14 AA units, referred to as R [13] [14] . Evidences and data have confirmed that the selfassociation process of both B 15-5 and B in water is dynamic, instead of frozen as observed in the literature for the same block copolymers but with larger polymerization numbers of the PBA block (>20). These evidences include: (1) their dried state can be easily dissolved in water and reach equilibrium; (2) the measured CMC agrees with the theoretical prediction, not only in the orders of magnitude and trend (with respect to sizes of PBA and PAA), but, in the case of B , also in the absolute value; (3) the size of the formed micelles is independent of the polymer concentration; (4) the formed micelles disappear easily when their solution is progressively diluted below the CMC. The cryo-TEM images indicate that the formed micelles are hollow spheres (vesicles). The spherical shape has been confirmed by the depolarized DLS. The values of the hydrodynamic radius (R h ) measured by the polarized DLS (10.0 and 8.0 nm, respectively, for B and B ) support the hollow morphology of the micelles, because the evaluated length of individual molecules of the two polymers, even at their fully stretched state, is only around 1/2 R h , thus unable to form a homogeneous sphere of the given size. Furthermore, the ratio, R h /R g (where R g is the radius of gyration obtained from SLS), being close to 1, also supports the hollow sphere morphology. In addition, the aggregation number of the micelles has been determined from the Zimm plot, which allows us to estimate the thickness of the hydrophobic PBA layer.
Regarding the random copolymer, R 13-14 , they also selfassemble into micelle-like aggregates, with a CMC roughly one order of magnitude larger than those of the two block copolymers. However, their size appears to monotonically decrease with decreasing concentration. Therefore, the respective CMC should be a non-equilibrium, apparent CMC, despite the fact that the aggregates also disappear when the concentration is below it.
